Abstract-This paper examines one source of spectral degradation in polar and multilevel outphasing transmitters. The degradation is caused by the amplitude signal appearing at the transmitter output as a baseband component, in addition to the desired RF signal. This baseband component contains sampling images and quantization noise across the spectrum. Thus, it adds noise at the signal band where it cannot be filtered and limits the achievable ACLR, particularly in wideband LTE and 5G systems. We analyze the origin of this phenomenon and related effects of system and signal parameters, and propose three design solutions for eliminating or alleviating the problem. Our analysis and simulations demonstrate that using a voltage-subtracting power combiner cancels the described degradation, potentially leading to significant improvement in spectral performance.
I. INTRODUCTION
The development of modern wireless systems has led to strict requirements of transmitter bandwidth and linearity. Meanwhile, the goal of maximizing power efficiency while applying digital-intensive circuit solutions has increased research interest in transmitter architectures that enable both phase and amplitude modulation with efficient but nonlinear switch-mode power amplifiers (PA). Among such transmitters, the optimal back-off power efficiency is typically achieved by architectures that utilize constant-envelope phase-modulated signals and a separate discrete-level amplitude signal. Specifically, this category includes polar [1] - [7] and multilevel outphasing transmitters [8] - [13] .
Besides potential for high efficiency and digital-intensive implementation, the described transmitter architectures also feature unique challenges. One of them, as observed in this paper, is that the amplitude signal may appear in the output not only in the form of RF-signal modulation but also as an undesired baseband component. Due to the effects of sampling and quantization, this component produces additional noise at a wide range of frequencies, including the signal band where it cannot be filtered. The use of amplitude levels can thus degrade the adjacent channel leakage ratio (ACLR), particularly in wideband LTE and 5G systems. Consequently, it is crucial to ensure that the transmitter cancels the detrimental baseband signal component in order to optimize its spectral performance.
In order to provide essential insight into the described aspect of transmitter performance, this paper presents comprehensive analysis and simulations of the phenomenon. Furthermore, we examine the arising implications on systemlevel design choices. Of our proposed solutions, using a voltage-subtracting power combiner is typically the best way to eliminate the undesired signal component. Although such combiners are commonly used, this particular argument for their superiority is previously unreported.
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The rest of this paper is organized as follows: Section II presents an overview of the discussed phenomenon and its origin. Section III contains detailed analysis focusing on multilevel outphasing, with simulations demonstrating the effects of signal bandwidth and amplitude resolution. Three design solutions to the described problem are proposed in Section IV, and Section V concludes the paper.
II. OVERVIEW OF THE PHENOMENON
This paper relates to transmitters in which PA inputs are driven by phase-modulated rail-to-rail signals, and the output amplitude is modulated by a separate discrete-level amplitude signal A(t). This amplitude modulation can be realized by different methods, one of which is modulating the PA supply voltage [9] , as shown in Fig. 1(a) . Another method, illustrated by Fig. 1(b) , is altering the number of active PA units with amplitude bits A i (t), so that N i=1 A i (t) = A(t) [10] , [11] . In both cases, the output signal is A(t)S(t), where S(t) is the phase-modulated input signal. Therefore, in the context of the following analysis, there is effectively no difference between these methods. Either system in Fig. 1 is hereafter presented as a single PA with A(t) as its amplitude-control signal. Fig. 2 shows the block diagrams of power amplification and output-signal construction in polar and multilevel outphasing transmitters that combine all signals by addition. In polar transmitters, the PA input signals are the constant-envelope phase-modulated signal S in (t) and the amplitude signal A(t).
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where ω c is the carrier frequency and φ(t) is the modulated phase. By multiplying S in (t) by A(t), we obtain
Multilevel outphasing transmitters can be analyzed in a similar manner. Both S 1 (t) and S 2 (t) are phase-modulated square waves, and they can be written as
where
is the phase modulation of the output signal, and θ(t) is the outphasing angle. S 1 (t) and S 2 (t) are both multiplied by A(t) and added, leading to the output signal
Equations (2) and (4) reveal the central observation of this paper: in both polar and multilevel outphasing transmitters, the output signal includes the baseband amplitude signal A(t) with a constant multiplier. This is because the output signal always alters between zero and a value defined by the amplitude level, which leads to an asymmetric signal. Another interpretation is that A(t) also modulates the non-zero DC level of the railto-rail input signals in addition to the RF components. This phenomenon is illustrated in time domain by Fig. 3 . For the purposes of subsequent analysis, we separate the output signals of (2) and (4) into two components. We will refer to the first term-kA(t)-as the baseband (BB) component, and the second term-a sum of high-frequency signals multiplied by A(t)-will be called the RF component.
The amplitude signal is sampled and held at a rate of f s , and therefore the BB component includes sampling images at f s and its harmonics. When the carrier frequency f c is equal to f s or its multiple, one of the images appears around the signal band, where the additional noise limits the ACLR. Moreover, the BB component contains quantization noise throughout the spectrum. These spectral effects are shown in Fig. 4 , which depicts the output-signal components of a 40-MHz aggregated LTE signal with both transmitter architectures, when f c = f s = 2 GHz. All shown results have been simulated in Matlab with a model of a delay-line-based phase modulator [14] , unless otherwise mentioned. This choice does not affect the essential observations, because the amplitude signal is independent of the phase-modulation method.
Although DC-block capacitors and resonators are able to filter the low and high-frequency parts of the BB component, they cannot remove the additional noise near the signal band. Therefore, it is necessary to design the transmitter so that it cancels the BB component at the output. Potential ways of achieving this will be discussed in Section IV.
III. ANALYSIS WITH MULTILEVEL OUTPHASING
This section analyzes the effects of the previously defined BB component in detail, focusing entirely on multilevel outphasing. This choice was made because the spectral performance of polar transmitters depends crucially on fine amplitude resolution, whereas in multilevel outphasing, amplitude levels mainly exist to improve the power efficiency. Thus, the spectral effects of amplitude resolution in multilevel outphasing are more predominantly related to the BB component.
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To illustrate the effects of amplitude resolution, Fig. 6 shows the spectra of 40-MHz aggregated LTE signals with 2 and 16 amplitude levels. With 2 levels, the quantization noise of the BB component is dominant enough to render the sampling image at 1.96-2.04 GHz barely noticeable. Increasing the resolution reduces the quantization noise, making the image more visible. However, the noise level near the signal band, which defines the ACLR, is virtually equal in both presented cases. Thus, the amplitude resolution primarily affects the BBcomponent spectrum further from the signal band. Table I presents the ACLR results with all simulated combinations of bandwidth, amplitude levels, and inclusion or exclusion of the BB component. These results confirm the observation that the BB component has a more dominant effect with wide bandwidths. In the separated RF component, increasing the amplitude resolution from 2 to 16 levels improves the ACLR by 6.2-7.7 dB, but when the BB component is included, the amplitude resolution only has a significant effect on the ACLR with a 20-MHz bandwidth. In general, eliminating the BB component at the output is shown to produce a considerable ACLR improvement of 7.8-16.7 dB. Frequency (GHz) 
IV. SOLUTIONS
This section presents three design solutions that can either remove the BB component from the output or at least reduce its degrading effects.
A. Unequal Sample Rate and Carrier Frequency
The ACLR degradation caused by the BB component can be somewhat alleviated by using a sample rate that is not equal to the carrier frequency or any of its integer fractions, thus moving the sampling image away from the signal band. This solution is made possible by the digital interpolating phase modulator (DIPM), which is capable of generating a phasemodulated signal at any carrier frequency within certain limits [13] , [15] . Fig. 7 shows an example of this approach, simulated with a Matlab model of the DIPM, in which f s = 2.2 GHz and f c = 2 GHz. This solution is far from perfect, as it does not remove the BB component but only shifts the sampling image to a different frequency. As such, the quantization noise across the spectrum can still degrade the ACLR to a lesser extent.
B. Voltage Subtraction in Power Combining
The BB component can be entirely canceled at the output by using a power combiner that subtracts one voltage from another instead of adding all voltages. Existing implementations of such combiners are typically based on transformers [10] , [16] - [18] or coupled transmission lines [19] - [23] . Fig. 8 depicts block diagrams of polar and multileveloutphasing power amplification with voltage-subtracting power combiners. In polar transmitters, as seen in Fig. 8(a) , this solution leads to a structure with somewhat higher complexity compared to Fig. 2(a) . Namely, the system requires a second PA with an inverted input signal and a power combiner that cancels the common-mode BB component at the output. In multilevel outphasing, however, a very similar structure can be used with both types of power combiners, as shown in Fig. 8(b) . Here, changing the combiner type does not increase the system complexity, because two different phase-modulated input signals are required in either case. Power-loss differences between combiner types may have a slight effect on efficiency.
With the polar signals shown in Fig. 8(a) , the output is
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Similarly, with the multilevel outphasing signals in Fig. 8(b) ,
By substituting S 1 (t) and S 2 (t) from (3), we obtain
As seen in (6) and (8), the output signal with a voltagesubtracting combiner only contains the RF component depicted in Figs. 5 and 6. Thus, the spectrum is substantially improved, as comparison between BB+RF and RF components reveals. A time-domain example of multilevel-outphasing waveforms with a voltage-subtracting combiner is shown in Fig. 9(a) .
C. Baseband-Canceling PA Design
When using a voltage-adding power combiner, the BB component can be canceled by taking the discussed phenomenon into consideration in PA design, leading to the spectra shown as the RF component in Figs. 5 and 6 . This is only possible with class-D PAs capable of holding the maximum output voltage for an arbitrarily long time. Moreover, it requires realizing the amplitude levels by altering the number of active PA units instead of supply modulation.
When the baseband-canceling PA pair is inactive, the output voltage remains low in one PA and high in the other. Consequently, the BB components at PA outputs add up to a DC voltage, which can be removed by a DC-block capacitor. An example of the resulting multilevel-outphasing waveforms is shown in Fig. 9(b) . Fig. 10 depicts a block diagram of such a PA pair, where the input signals are combined with different logic gates. In practice, delay mismatches between input signals need to be eliminated by meticulous design of the logic gates or additional delay-compensation elements.
D. Comparison of the Proposed Solutions
As previously mentioned, moving the sample rate away from the carrier frequency is only a partial solution, as quantization noise of the BB component will nevertheless appear around the signal band. However, this is the only suggested solution that is possible without a power combiner. Thus, despite its flaws, this approach might be the most feasible option in some relatively narrow-band polar transmitters with high amplitude resolution, if area restrictions prevent including the passive components of a power combiner.
Of the two solutions that entirely remove the BB component, voltage subtraction is typically more convenient. This is particularly true in multilevel outphasing transmitters, where it does not increase system complexity or restrict other design choices. In contrast, the baseband-canceling PA structure is only possible with class-D PAs, and it requires careful design in order to avoid timing mismatches between PA units and consequent nonlinearity. Thus, we conclude that in order to optimize the transmitter performance, a voltage-subtracting power combiner should be utilized whenever possible.
V. CONCLUSION
In this paper, we have analyzed the spectral effects of the discrete-time amplitude signals used in polar and multilevel outphasing transmitters. We observed that when railto-rail input signals are multiplied by an amplitude signal and added, the output contains the amplitude signal as a baseband component in addition to the desired RF signal. Due to sampling images and quantization, this component adds unwanted noise not only near DC but also at the signal band, where it limits the achievable ACLR. As such, considering this phenomenon is an essential aspect of optimizing the spectral performance of digital-intensive transmitters, particularly with the extremely wide bandwidths of future 5G systems. Based on the comparison between our three proposed solutions, we generally recommend using a voltage-subtracting power combiner, which solves the discussed problem by entirely canceling the undesired baseband signal component.
